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ABSTRACT To further characterize mechanisms of
glucose counterregulation in man, the effects of
pharmacologically inducd deficiencies of glucagon,
growth hormone, and catecholamines (alone and in
combination) on recovery of plasma glucose from in-
sulin-induced hypoglycemia and attendant changes in
isotopically ([3-*H]glucose) determined glucose fluxes
were studied in 13 normal subjects. In control studies,
recovery of plasma glucose from hypoglycemia was
primarily due to a compensatory increase in glucose
production; the temporal relationship of glucagon,
epinephrine, cortisol, and growth hormone responses
with the compensatory increase in glucose appearance
was compatible with potential participation of all these
hormones in acute glucose counterregulation. Infusion
of somatostatin (combined deficiency of glucagon and
growth hormone) accentuated insulin-induced hypo-
glycemia (plasma glucose nadir: 362 ng/dl during in-
fusion of somatostatin vs. 47+2 mg/dl in control studies,
P < 0.01) and impaired restoration of normoglycemia
(plasma glucose at min 90: 73+3 mg/dl at end of somato-
statin infusion vs. 92+3 mg/dl in control studies,
P < 0.01). This impaired recovery of plasma glucose
was due to blunting of the compensatory increase in
glucose appearance since glucose disappearance was
not augmented, and was attributable to suppression of
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glucagon secretion rather than growth hormone secre-
tion since these effects of somatostatin were not ob-
served during simultaneous infusion of somatostatin
and glucagon whereas infusion of growth hormone
along with somatostatin did not prevent the effects of
somatostatin. The attenuated recovery of plasma glu-
cose from hypoglycemia observed during somatostatin-
induced glucagon deficiency was associated with
plasma epinephrine levels twice those observed in
control studies. Infusion of phentolamine plus pro-
pranolol (combined a- and B-adrenergic blockade) had
no effect on plasma glucose or glucose fluxes after in-
sulin administration. However, infusion of somato-
statin along with both phentolamine and propranolol
further impaired recovery of plasma glucose from hypo-
glycemia compared to that observed with somatostatin
alone (plasma glucose at end of infusions: 52+6 mg/dl
for somatostatin-phentolamine-propranolol vs. 72+5
mg/dl for somatostatin alone, P < 0.01); this was due to
further suppression of the compensatory increase in
glucose appearance (maximal values: 1.93+0.41 mg/kg
per min for somatostatin-phentolamine-propranolol vs.
2.86+0.32 mg/kg per min for somatostatin alone,
P < 0.05). These results indicate that in man (a)
restoration of normoglycemia after insulin-induced
hypoglycemia is primarily due to a compensatory in-
crease in glucose production; (b) intact glucagon secre-
tion, but not growth hormone secretion, is necessary for
normal glucose counterregulation, and (c¢) adrenergic
mechanisms do not normally play an essential role in
this process but become critical to recovery from hypo-
glycemia when glucagon secretion is impaired.

62 J. Clin. Invest. © The American Society for Clinical Investigation, Inc. - 0021-9738/79/07/0062/10 $1.00

Volume 64 July 1979 62-71



INTRODUCTION

Plasma levels of glucagon (1), catecholamines (2),
growth hormone (3), and cortisol (4) increase during
hypoglycemia in man. Although each of these has
metabolic actions which may potentially reverse hypo-
glycemia (5-8), their individual contribution to the
restoration of normoglycemia remains to be estab-
lished.

Using a sensitive isotope derivative method, Garber
etal. (9) noted that early increments in plasma catechol-
amine concentrations during insulin-induced hypo-
glycemia in human subjects preceded the major com-
pensatory changes in glucose fluxes raising the pos-
sibility that adrenergic mechanisms may be important
in initiating glucose counterregulation. However, fac-
tors other than catecholamines must be capable of
restoring normoglycemia because apparently normal
glucose counterregulation has been observed in cate-
cholamine-deficient patients with spinal cord transec-
tions (10, 11), epinephrine-deficient adrenalectomized
patients (11-14), and normal subjects during the infu-
sion of a- or B-adrenergic blocking agents (15-17).

It is commonly thought that glucagon, growth hor-
mone, and cortisol also play some role in acute glu-
cose counterregulation. The administration of somato-
statin, an inhibitor of glucagon and growth hormone
secretion, impairs but does not prevent recovery of
plasma glucose from hypoglycemia in baboons and
normal man (13, 18, 19). Notably, however, somato-
statin infusion does prevent recovery of plasma glu-
cose from hypoglycemia in dexamethasone-treated
adrenalectomized patients (13). Although chronic
growth hormone and cortisol excess may cause re-
sistance to the actions of insulin (20, 21), the im-
portance of acute changes in growth hormone and
cortisol secretion in counteracting the acute hypo-
glycemic action of insulin can be questioned because
normal plasma glucose recovery from insulin-induced
hypoglycemia has been observed under conditions in
which acute release of these hormones was not pos-
sible (12-14, 22, 23).

These considerations led us to hypothesize that glu-
cagon plays the primary role in acute recovery of
plasma glucose from insulin-induced hypoglycemia
and that adrenergic mechanisms, probably activated by
adrenomedullary epinephrine, play a secondary role
since they appear to be capable of partially compen-
sating for glucagon lack (13). To test this hypothesis,
plasma glucose recovery from insulin-induced hypo-
glycemia along with isotopically determined rates of
glucose appearance and disappearance and the cir-
culating concentrations of glucagon, epinephrine,
norepinephrine, cortisol, and growth hormone were
determined in normal human subjects during: (a) in-
fusion of saline (control); (b) infusion of somatostatin

(combined glucagon and growth hormone deficiency);
(c¢) infusion of somatostatin plus glucagon (growth
hormone deficiency); (d) infusion of somatostatin plus
growth hormone (glucagon deficiency); (e) infusion of
propranolol plus phentolamine (adrenergic blockade);
and (f) infusion of somatostatin plus propranolol and
phentolamine (combined glucagon and growth hor-
mone deficiency and adrenergic blockade).

METHODS

Informed written consent was obtained from 13 healthy adult
volunteers (8 women, 5 men, whose ages range from 19 to 47).
All were within 10% of their ideal body weight (Metropolitan
Life Insurance Tables), and had no family history of diabetes
mellitus.

Subjects were admitted to the outpatient facility of the Mayo
Clinic General Clinical Research Center between 7:00 and
8:00 a.m. having fasted overnight (10-12 h). The subjects
were placed at bed rest, and an antecubital vein of each of
their arms was cannulated with 18-gauge catheters, one for
drug administration and the other for blood sampling. For
isotopic determination of glucose appearance and disap-
pearance rates, a primed (14 uCi) continuous (0.14 xCi/min)
infusion of [3-*H]glucose (New England Nuclear, [Boston,
Mass.] sp act 17.54 Ci/mM, made up in 0.9% NaCl, 50 uCi/ml)
was begun; 2 h were allowed for isotope equilibration before all
experiments.

In the first series of experiments, seven subjects (five
women, two men) were studied on four occasions each
separated by at least 48 h. The order of the studies was
randomized. In all experiments, at time 0 each subject was
given an intravenous bolus injection of 0.04 Ulkg regular
insulin (Eli Lilly and Company, Indianapolis, Ind.). On
separate days beginning at time 0, subjects were administered
either (¢4) 0.9% NaCl, 0.19 ml/min; (b) somatostatin alone,
250 ug/h (courtesy of Dr. Jean Rivier and Dr. Roger Guillemin,
Salk Institute, San Diego, Calif.) infused for 90 min; (c)
somatostatin as above plus glucagon (Eli Lilly and Company)
3 ng/kg per min for 60 min; or (d) somatostatin as above plus
human growth hormone (National Pituitary Agency lot 11-31
—Wilhelmi, 1.4+1U/mg), 10 ug/kg per h for 90 min. In the
second series of experiments, six subjects (three women,
three men) received in addition to insulin (0.04 U/kg) intra-
venous infusions of either (¢) 0.9% NaCl, 0.19 ml/min; (b)
somatostatin (250 ug/h for 90 min); (¢) phentolamine (Ciba
Pharmaceutical Company, Summit, N. J.), 5 mg over 2 min fol-
lowed by 500 wg/min for 90 min plus propranolol (Ayerst
Laboratories, New York), 5 mg over 2 min followed by 80
ug/min for 90 min; or (d) a combination of somatostatin,
propranolol, and phentolamine in the doses and at the times
indicated above. All reagents were dissolved in 0.9% NaCl
containing 1 g/100 ml human serum albumin (Cutter Labora-
tories, Inc., Berkeley, Calif.) on the morning of each experi-
ment and were infused at a rate of 0.19 ml/min.

Blood samples were obtained every 10 min for 60 min and
at 15-min intervals thereafter for an additional 60 min.
Samples for glucagon, cortisol, and growth hormone were col-
lected in chilled tubes containing 17 mg EDTA and 0.5M
benzamidine (Sigma Chemical Co., St. Louis, Mo.). Blood for
catecholamine determinations was collected in chilled
heparinized tubes containing 20 mg reduced glutathione
(Sigma Chemical Co.). Blood for plasma glucose and glucose
specific activity was collected in NaF-oxalate tubes (Kimble-
Terumo, Elkton, Md.); an aliquot of this plasma was used
for determination of glucose concentration in duplicate
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FIGURE 1 Effects of somatostatin (SRIF) infusion (combined
glucagon and growth hormone deficiency) on plasma glucose,
glucagon, growth hormone, cortisol, epinephrine, norepi-
nephrine levels and the rates of glucose appearance and dis-
appearance after insulin administration.

(Yellow Springs Instrument Co., Yellow Springs, Ohio, A23),
and another aliquot (1.6 ml) was deproteinized by addition
of 0.3 ml chilled 3 M perchlorate for subsequent determina-
tion of glucose radioactivity. All blood samples for hormone
determinations were centrifuged immediately after each
experiment, and the resultant plasma was stored at —20°C
until assay.

Plasma [3-3H]glucose specific activity was determined as
follows: duplicate 0.4-ml aliquots of deproteinized plasma
were evaporated to dryness at 37°C under compressed air
to remove tritiated water. The residue was resuspended with
0.5 ml distilled water, and after addition of 10 cm?® Aquasol
(New England Nuclear), its radioactivity was counted in a
refrigerated liquid scintillation spectrometer. Correction for
quenching was made using the method of external standard
ratios. The average glucose radioactivity of each plasma sam-
ple was divided by its glucose concentration to obtain glu-
cose specific activity. Calculated infusion rates of the isotope
were verified by measuring the volume of the [3-*H]glucose
infusate before and after each experiment.

Plasma growth hormone (24) and glucagon (25) (Unger 30K
antibody) were determined by radioimmunoassay. Plasma
corticoids were measured by the competitive protein binding
method of Murphy (26). Plasma catecholamines were assayed
using a single-isotope derivative method based on the en-
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zymatic conversion of the catecholamines to their respec-
tive labeled metanephrines as previously described (27).

Rates of glucose appearance and disappearance were cal-
culated employing the equations of Wall et al. (28) as modified
by DeBodo et al. (29). This method has been shown to ac-
curately reflect glucose kinetics over a wide range of non-
steady-state plasma glucose levels (30). All data in the text and
figures are expressed as mean+SEM, and their statistical
significance was evaluated using Student’s two tailed paired
t test (31).

RESULTS

Control studies (Fig. 1). All 13 subjects participated
in both control and somatostatin studies; their data
are shown in Fig. 1. In the control studies in which
saline alone was infused after insulin administration,
intravenous injection of 0.04 U/kg insulin resulted in a
prompt decrease in plasma glucose from base-line
values to a nadir at 30 min. By 85 min plasma glucose
returned to levels not significantly different from base-
line values. Glucose disappearance increased after in-
sulin administration from a basal rate of 1.92+0.06 mg/
kg per min to a maximum of 3.65+0.21 mg/kg per min at
min 20; subsequently glucose disappearance de-
creased but remained consistently above basal values
from min 40 through min 120. Glucose appearance
decreased after insulin administration from a basal
rate of 1.93+0.05 mg/kg per min to a nadir of 1.26+0.11
mg/kg per min at min 20. This was followed by an in-
crease in glucose appearance above base-line values to
a maximum of 3.70+0.24 mg/kg per min at min 40.
Subsequently, glucose appearance decreased over the
next 80 min but was still significantly greater than basal
values at min 120 (2.17+0.14, P < 0.01).

After insulin administration, plasma glucagon in-
creased from a basal value of 99+12 to 131+13 pg/ml at
min 20 (P < 0.001), reached a maximum at min 40, and
subsequently decreased to near basal values at min 90.
Statistically significant increases in plasma epineph-
rine (P < 0.001), cortisol (P < 0.05), and growth hor-
mone (P < 0.01) were not observed until min 30. In-
creases in plasma norepinephrine were not statistically
significant until min 50 (P < 0.005). Plasma epineph-
rine reached maximum levels at min 40 and subse-
quently decreased toward base-line concentrations;
values at min 120 were still significantly (P < 0.01)
above base-line levels. Plasma cortisol, growth hor-
mone, and norepinephrine reached maximum levels at
min 50-60 and remained significantly (P < 0.05-0.01)
above basal values through min 120.

Effect of somatostatin infusion —combined growth
hormone and glucagon deficiency (Fig. 1). To
evaluate the contribution of acute changes in glucagon
and growth hormone secretion to glucose counter-
regulation, somatostatin was infused for 90 min after
insulin administration to prevent glucagon and growth
hormone responses. Somatostatin suppressed plasma



glucagon slightly below basal levels throughout its in-
fusion; over this interval plasma glucagon levels
averaged 95+5 pg/ml compared to basal values of
108+9 pg/ml, P < 0.001. Somatostatin did not suppress
plasma growth hormone below basal levels but did im-
pair its increase after insulin-induced hypoglycemia.

In the somatostatin studies, plasma glucose de-
creased after insulin administration to a nadir of
36+2 mg/dl which was significantly lower than that ob-
served in the control studies (472 mg/dl, P < 0.001).
All subsequent plasma glucose values during infusion
of somatostatin were also significantly less than those
observed in the control studies, P < 0.01. The initial
increase in glucose disappearance after insulin injec-
tion was virtually identical in both somatostatin and
control studies; after min 40, however, glucose disap-
pearance was significantly less in the somatostatin
studies than that observed in the control studies until
discontinuation of the somatostatin infusion. The initial
decrease in glucose appearance after insulin ad-
ministration was greater in the somatostatin studies;
glucose appearance decreased from a base-line rate
to a nadir of 1.02+0.11 mg/kg per min at min 20 which
was significantly lower than that observed in the con-
trol studies (1.26+0.11 mg/kg per min, P < 0.05). The
subsequent increase in glucose appearance above
base-line values was less than that observed in the con-
trol studies; the maximum value reached in the somato-
statin studies was 2.86+0.18 mg/kg per min at min 50
compared to the maximum of 3.71+£0.24 mg/kg per min
at min 40 in the control studies (P < 0.001). When
the somatostatin infusion was stopped, glucose ap-
pearance abruptly increased; this was accompanied by
an increase of plasma glucose to base-line values.

Both plasma cortisol and plasma epinephrine in-
creased to greater levels in the somatostatin studies;
peak values for plasma cortisol averaged 37+4 com-
pared to 26+3 ug/dl in the control studies (P < 0.05).
Peak values for plasma epinephrine averaged 582+ 108
compared to 310+41 pg/ml in control studies (P < 0.01).
There was no significant difference in plasma nor-
epinephrine responses in the two studies.

Effect of infusion of somatostatin plus growth
hormone —glucagon deficiency (Fig. 2). Because
infusion of somatostatin in the preceding studies pro-
duced combined deficiency of glucagon and growth
hormone, in the following study growth hormone was
infused along with somatostatin in seven subjects to
evaluate the effect of glucagon deficiency in the ab-
sence of growth hormone deficiency. During infusion
of somatostatin plus growth hormone (10 ug/kg per
min), plasma growth hormone increased progressively
from a basal level of 2.0+0.6 ng/ml to stable levels of
54-58 ng/ml between min 60 and min 90, values 2- to
3-fold greater than those observed in control studies
(22-29 ng/ml, P < 0.01) and 10- to 15-fold greater than
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FIGURE 2 Effects of growth hormone replacement (glucagon
deficiency) on somatostatin (SRIF)-induced alterations in
plasma glucose, glucagon, growth hormone, cortisol, epineph-
rine, norepinephrine levels and the rates of glucose appear-
ance and disappearance after insulin administration.

those observed during infusion of somatostatin alone
(3-5 ng/ml, P < 0.001) in the same subjects. Plasma
glucagon levels remained suppressed during the 90-
min infusion period to the same extent as thev had
been during infusion of somatostatin alone.

This infusion of growth hormone, leaving a somato-
statin-induced glucagon deficiency, did not reverse the
effect of somatostatin on plasma glucose recovery from
insulin-induced hypoglycemia nor did it significantly
alter the changes in glucose appearance and disap-
pearance or those of plasma epinephrine, norepineph-
rine, and cortisol levels from those observed during
infusion of somatostatin alone. Indeed despite no sta-
tistically significant differences in glucose appearance
and disappearance or in counterregulatory hormone
responses, plasma glucose levels were significantly
less from min 60 through min 90 during infusion of
growth hormone plus somatostatin than during infusion
of somatostatin alone, P < 0.01.

Effect of infusion of somatostatin plus glucagon
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FIGURE 3 Effects of glucagon replacement (growth hormone
deficiency) on somatostatin (SRIF)-induced alterations in
plasma glucose, glucagon, growth hormone, cortisol, epi-
nephrine, norepinephrine levels and the rates of glucose ap-
pearance and disappearance after insulin administration.

—growth hormone deficiency (Fig. 3). To evaluate
the effect of growth hormone deficiency in the ab-
sence of glucagon deficiency, somatostatin was infused
in the seven subjects studied above along with gluca-
gon at a rate estimated to reproduce portal venous
glucagon responses which had occurred during con-
trol studies. A portal-peripheral venous gradient of 2.2
was assumed based on previous reports (32, 33) of
measurements of glucagon levels in portal and periph-
eral venous blood samples obtained simultaneously
during stimulation of glucagon secretion. Infusion of
glucagon at a rate of 3 ng/kg per min for 60 min in-
creased circulating glucagon from basal values =100
pg/ml to levels averaging between 290 and 320 pg/ml
from min 10 through min 60. The ratio of these levels
to levels found during control studies averaged 3.0£0.5,
2.7+04, 2.5+0.4, 2.2+0.3, 2.4+0.3, and 3.2+0.5,
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respectively at the 10-, 20-, 30-, 40-, 50-, and 60-min
sampling times. None of these ratios was significantly
different from a theoretical value of 2.2. However,
when all of the individual 42 ratios (six sample times
in seven subjects) were analyzed together, their average
(2.7+0.2) was significantly greater than the desired
ratio of 2.2 (P < 0.01) indicating a possible 22% overin-
fusion of glucagon.

During infusion of somatostatin plus glucagon, the
profiles of plasma glucose, glucose appearance, and
glucose disappearance after insulin administration
were virtually identical to those observed in control
studies in the same subjects except for a slight over-
shoot of each at 50—-60 min which was not statistically
significant. Plasma growth hormone responses re-
mained suppressed. Plasma epinephrine, norepineph-
rine, and cortisol responses during infusion of somato-
statin plus glucagon were not significantly different
than those observed during control studies in contrast
to the augmented responses in the circulating levels of
these hormones that had been observed during infu-
sion of somatostatin alone (Fig. 1).

Effect of infusion of phentolamine and propranolol
—oa- and B adrenergic blockade (Fig. 4). To deter-
mine the contribution of catecholamines to recovery
of plasma glucose from insulin-induced hypoglycemia,
phentolamine, an a-adrenergic antagonist, and pro-
pranolol, a B-adrenergic antagonist, were infused
together for 90 min in six subjects after administra-
tion of insulin in an attempt to produce combined a-
and B-adrenergic blockade. In the presence of these
agents, neither the plasma glucose nadir nor the rate of
recovery of plasma glucose differed significantly from
that observed in control studies in the same subjects.
Changes in glucose appearance, glucose disap-
pearance, plasma glucagon, and plasma cortisol were
also similar to those observed in the control experi-
ments. However, plasma growth hormone and norepi-
nephrine responses were significantly increased. Al-
though plasma epinephrine responses were also
greater than those observed in control studies, these
differences were not statistically significant. Increases
in heart rate accompanying hypoglycemia which had
been observed in control studies did not occur during
adrenergic blockade.

Effect of infusion of phentolamine, propranolol,
and somatostatin-adrenergic blockade plus glucagon
and growth hormone deficiency (Fig. 5). To evaluate
the contribution of catecholamines to glucose counter-
regulation during glucagon (and growth hormone) de-
ficiency, phentolamine and propranolol were infused
along with somatostatin after insulin administration in
the six subjects studied above. The combined ad-
ministration of phentolamine, propranolol, and somato-
statin further impaired glucose counterregulation after
insulin administration compared to that already ob-



served during infusion of somatostatin alone in the
same subjects. Although the nadirs to which plasma
glucose levels decreased after injection of insulin were
similar during infusion of somatostatin with and with-
out the adrenergic antagonists, subsequent recovery of
plasma glucose from hypoglycemia was markedly
depressed. Plasma glucose levels at min 90, just be-
fore stopping the phentolamine-propranolol-somato-
statin infusion, averaged 52+6 mg/dl compared to
72+5 mg/dl observed during infusion of somatostatin
alone (P < 0.01) and 92+3 mg/dl found in control stud-
ies (P <0.001). This additional blunting of plasma
glucose recovery was primarily due to further depres-
sion of the compensatory increase in glucose ap-
pearance, the peak value for which averaged only
1.93+0.40 mg/kg per min compared to 2.86+0.31 mg/kg
per min observed during infusion of somatostatin alone
(P <0.01) and 3.34+0.41 mg/kg per min observed in
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FIGURE4 Effects of phentolamine and propranolol (com-
bined a- and B- adrenergic blockade) on plasma glucose,
glucagon, growth hormone, cortisol, epinephrine, norepi-
nephrine levels and the rates of glucose appearance and
disappearance after insulin administration.
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FIGURES5 Comparison of plasma glucose, glucagon, growth
hormone, cortisol, epinephrine, norepinephrine levels, and
the rates of glucose appearance and disappearance after
insulin administration during infusion of phentolamine-
propranolol-somatostatin (SRIF) X (adrenergic deficiency
plus glucagon and growth hormone deficiency) with those ob-
served during infusion of somatostatin alone (glucagon and
growth hormone deficiency).

control studies (P < 0.001). The initial suppression of
glucose appearance and the initial increase in glucose
disappearance after insulin administration were similar
during infusion of somatostatin with and without the
adrenergic antagonists. Glucose disappearance from
min 50 through min 105 was consistently lower during
infusion of somatostatin with the adrenergic antago-
nists than that observed during infusion of somatostatin
alone.

During the 90-min infusion of somatostatin, pro-
pranolol, and phentolamine, plasma growth hormone
and cortisol levels were not significantly different than
those observed during infusion of somatostatin alone.
After stopping the infusion of somatostatin plus
phentolamine and propranolol, plasma levels of both
hormones increased to values significantly (P < 0.01)
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greater than those observed during studies in which
somatostatin alone had been infused. Plasma glucagon
responses were suppressed comparably during infu-
sion of somatostatin with and without the adrenergic
antagonists; only at min 30 were plasma glucagon
levels significantly different from those observed dur-
ing infusion of somatostatin alone (82+10 vs. 110+7
pg/ml, respectively P < 0.05). Plasma epinephrine and
norepinephrine responses were six- to eightfold greater
during infusion of somatostatin plus phentolamine and
propranolol than during infusion of somatostatin alone.

DISCUSSION

In the present studies administration of insulin (0.04
Ul/kg, i.v.) lowered plasma glucose levels as a conse-
quence of both inhibition of glucose appearance and
stimulation of glucose disappearance, thus confirming
similar observations in dogs (28, 29, 34-36) and man
(9, 36, 37). As in these previous studies, glucose dis-
appearance returned toward, but not below, base-line
values whereas glucose appearance increased from its
initially suppressed levels to nearly twice base-line
values during recovery of plasma glucose from hypo-
glycemia. Thus, restoration of normoglycemia after in-
sulin-induced hypoglycemia is primarily due to a
compensatory increase in glucose production. There-
fore, an analysis of the regulatory factors involved in
glucose counterregulation should focus primarily on
those factors which might rapidly stimulate hepatic
glucose production. Both glucagon (6) and the cate-
cholamines (5) can rapidly augment hepatic glucose
production by stimulating glycogenolysis and glu-
coneogenesis. Although growth hormone and cortisol
may increase glucose production by inducing hepatic
insulin resistance to insulin (38), by altering substrate
availability (21, 39, 40) or by promoting enzyme induc-
tion (8, 21, 40), neither hormone increases glucose
production acutely (40); in fact, both hormones have
been reported to decrease glucose production within
the time frame of the present experiments (41, 42).
The hormonal secretory patterns and their relation-
ships with the changes in rates of glucose appearance
and disappearance in the present study are in substan-
tial agreement with those reported by Garber et al.
(9), the major difference being the demonstration of a
significant increment in plasma glucagon before the on-
set of glucose counterregulation in the present study.
The reason for this discrepancy is not clear but the
present findings indicate that the temporal sequence of
glucagon, epinephrine, cortisol, and growth hormone
responses in relation to the compensatory increase in
glucose appearance is compatible with a role for all
these hormones in glucose counterregulation. Thus
these temporal relationships by themselves do not per-
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mit precise definition of the individual contribution of
any of these hormones.

Administration of somatostatin prevented both glu-
cagon and growth hormone responses to insulin-in-
duced hypoglycemia; plasma glucose decreased to a
lower nadir than had been observed in control studies
and recovery of plasma glucose to normoglycemia was
attenuated. This impaired glucose counterregulation
was due solely to a blunting of the compensatory in-
crease in glucose appearance since glucose disap-
pearance was not augmented. These effects of somato-
statin on impairment of glucose counterregulation were
attributable to suppression of glucagon rather than
growth hormone responses. Infusion of somatostatin
along with growth hormone, which elevated circulating
growth hormone levels two- to threefold above those
observed in control studies, did not reverse the ef-
fects of somatostatin whereas infusion of somatostatin
along with glucagon completely reversed the effects of
somatostatin—Dboth those on plasma glucose recovery
from hypoglycemia and, in particular, on glucose ap-
pearance. These results suggest that intact glucagon
secretion is necessary for the normal compensatory
increase in hepatic glucose production which is
responsible for complete restoration of normoglycemia
after insulin administration.

This conclusion, however, must be considered in
view of the fact that circulating glucagon levels achieved
in the above studies were two- to threefold greater
than those observed in control studies. Based on previ-
ous reports (32, 33) indicating a portal-peripheral
venous gradient for glucagon of =2.2 during aug-
mented glucagon secretion, the glucagon infusion rate
of 3 ng/kg per min was chosen in an attempt to ap-
proximate the portal venous glucagon levels observed
in the control studies, i.e. levels 2.2 times the periph-
eral venous glucagon levels observed in the control
studies. At each of the six sampling points during the
glucagon infusion the ratio of these values did not dif-
fer significantly from the desired theoretical value of
2.2. However, when all individual data (42 samples)
were analyzed together, their mean (2.7) significantly
exceeded the desired value, indicating a possible over-
infusion of glucagon by as much as 22%. This, coupled
with the fact that glucagon infusions were begun at 0
time, may well explain the elevation of glucose con-
centrations to levels somewhat above the control values
during somatostatin combined with glucagon. None-
theless, the fundamental observation that glucagon ad-
ministration prevented the somatostatin-induced im-
pairment of glucose recovery from hypoglycemia,
whereas growth hormone administration did not,
remains.

Although the compensatory increase in glucose
production and restoration of normoglycemia after in-
sulin-induced hypoglycemia were impaired in the



presence of somatostatin, it is notable that a com-
pensatory increase in glucose appearance and partial
recovery of plasma glucose from hypoglycemia did oc-
cur. This could have been due to epinephrine since
augmented responses of this hormone occurred during
the somatostatin studies and since plasma glucose re-
covery from insulin-induced hypoglycemia was totally
prevented in similar studies performed in adrenalec-
tomized patients (13). Furthermore, the fact that glu-
cose disappearance was significantly decreased during
the later portion of the somatostatin infusion compared
to values in the control studies is also consistent with
an epinephrine effect since epinephrine is known to
decrease glucose clearance in man (43).

To evaluate the contribution of catecholamines in
acute glucose counterregulation, both phentolamine,
an a-adrenergic antagonist, and propranolol, a -
adrenergic antagonist, were infused after insulin ad-
ministration at doses conventionally used to achieve
adrenergic receptor blockade. Although circulating
epinephrine and norepinephrine levels observed dur-
ing hypoglycemia were increased by this maneuver,
infusion of these agents had no effects on glucose
counterregulation. Similar results have been obtained
with measurements of circulating glucose levels (15,
16) and glucose fluxes (17) in previous studies during
selective a- or B-adrenergic blockade. These observa-
tions and those indicating that normal glucose re-
covery from insulin-induced hypoglycemia can occur
in spinal cord transected (10, 11) and in adrenalec-
tomized (11-14) patients indicate that catecholamines
are not essential for acute glucose counterregulation
in man.

Nevertheless, as noted earlier glucocorticoid-treated
adrenalectomized patients, who have normal glucose
counterregulation after insulin-induced hypoglycemia,
have virtually no recovery of plasma glucose from hypo-
glycemia during infusion of somatostatin (13). These
observations suggest that catecholamines, particularly
adrenomedullary epinephrine, may act primarily as a
secondary line of defense against hypoglycemia which
becomes critical when glucagon secretion is impaired.
To evaluate this possibility, the effect of combined
a- and B-adrenergic blockade along with somatostatin
administration on glucose counterregulation was com-
pared to the effects observed during infusion of somato-
statin alone. Combined infusion of phentolamine-
propranolol-somatostatin resulted in further impair-
ment of recovery of plasma glucose from hypoglycemia
compared to that observed during infusion of somato-
statin alone and further blunting of the compensatory
increase in glucose appearance. These results provide
additional evidence that catecholamines may con-
tribute to acute glucose counterregulation and that they
may be especially important when glucagon secretion
is impaired.

Finally, it should be pointed out that in these latter
studies some glucose counterregulation was evident
despite apparent adrenergic blockade and inhibition
of both glucagon and growth hormone secretion;
plasma glucose and glucose appearance increased
respectively from nadirs of 36+2 mg/dl and 0.88+0.08
mg/kg per min to peak values of 52+5 mg/dl and
2.02+0.27 mg/kg per min. Several explanations are pos-
sible. Firstly, circulating epinephrine and norepineph-
rine levels were markedly increased to values in ex-
cess of 2.7 and 1.7 ng/ml, respectively. The conven-
tional doses of phentolamine and propranolol used in
these studies have been shown to block the metabolic
effects of epinephrine infused at a rate of 6 ug/min
(44-46). This infusion rate has been reported to
produce circulating epinephrine levels of <1 ng/ml
(47) which is below those seen in the present studies.
Thus, since the adrenergic blocking agents used in the
present study are competitive antagonists, it is pos-
sible that incomplete adrenergic blockade occurred
due to the extreme elevation of both norepinephrine
and epinephrine plasma levels. A second possible
explanation is an intrinsic effect of hypoglycemia on
the liver (48); increased glucose release from rat livers
perfused in vitro has been observed after lowering glu-
cose perfusate levels (48, 49). Finally, activation of sym-
pathetic or parasympathetic innervation of the liver
(50-53) and sympathetic inhibition of insulin secre-
tion (54-56) could also have been involved. This
latter effect would have permitted lower concentra-
tions of counterregulatory factors to be more effective
stimulants of glucose production and could have con-
tributed along with hypoglycemia (43, 57), to the de-
crease observed in glucose disappearance. These
sympathetic effects would have been possible if the
doses of the adrenergic antagonists employed in the
present study had been insufficient to completely block
the effects of norepinephrine released from sympa-
thetic nerve terminals within the liver.

In conclusion, the present studies indicate that in
man: (a) restoration of normoglycemia after insulin-
induced hypoglycemia is primarily due to a com-
pensatory increase in glucose production; (b) intact
glucagon, but not growth hormone, secretion is neces-
sary for normal glucose counterregulation; and (c)
adrenergic mechanisms do not normally play an essen-
tial role in this process but become critical to recovery
from hypoglycemia when glucagon secretion is im-
paired.
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